Pastures are important food sources for Brazilian cattle herds. However, inadequate management of soil fertility has emerged as a major cause of low yield rates and of progressive degradation of these areas. The objective of the present study was to evaluate growth, by means of morphogenetic and structural characteristics, and yield of Brachiaria brizantha Stapf. cv. Marandu as functions of the application of the mycorrhizae stimulant formononetin, associated with lime and phosphate application. The experimental design was completely randomised with four replications, and the treatments were arranged in a 2 x 2 x 5 factorial scheme, consisting of two liming treatments (with and without limestone), two formononetin treatments (with and without application) and five P 2 O 5 doses (0, 25, 50, 100 and 200 mg dm -3 ). Three shoot cuttings were carried out after a first standardisation cutting to evaluate the morphogenetic and structural characteristics as well as the dry matter yield of different morphological fractions. Liming and phosphate application at the dose of 141 mg dm -3 P 2 O 5 increased growth and yield of Marandu grass, and these practices are essential for the cultivation of this pasture grass in Yellow Latosol of the Cerrado region of Piauí, Brazil. The application of formononetin increased stem elongation rate, total number of tillers and green stem dry matter, and decreased dead dry matter of Marandu grass, which are effects that contribute to the improvement of pasture quality. Key words: Brachiaria brizantha. Mycorrhizae. Pastures. Soil acidity.
Introduction
Brazil is a major agricultural producer, with a focus on dairy and meat production on pastures. Pastures are important food sources for the herds, offering abundant nutrients at low costs compared to concentrated feed, thereby allowing high competitiveness on the international market. However, the Brazilian cattle industry is still marked by low yield and profitability, mainly because of a poor management of the soil-animal-forage system, characterized mostly by an extractive exploitation model.
The lack of management of soil fertility under pasture in Brazil stands out as one of the limiting factors of production of forage plants, mainly in low fertility soils characterized by high acidity, toxic levels of aluminium (Al) and manganese (Mn) and in soils poor in nutrients, especially phosphorus (P) (LOPES; GUIMARÃES GUILHERME, 2016). Thus, to maintain the productivity of these pasture, significant applications of lime and fertilisers are necessary, otherwise low bearing capacity and accelerated degradation are the consequences (FABRICE et al., 2015) .
The complex dynamics of P in these soils, involving its fixation to mineral colloids, increases its deficiency, which besides compromising the nutritional value of forage, reduces the establishment and the productive capacity of pastures (NOVAIS; SMYTH, 1999) , since P plays an important role in tillering and root development of forage grasses (MALAVOLTA, 2006) . Phosphate is therefore essential in pasture systems and generally depends on the application of P doses at levels above those required by the cultivation, which makes Brazil a large consumer of P fertilisers (RESENDE; FURTINI NETO, 2007) . Thus, the search for management strategies to increase the efficiency of phosphorus fertilisation is crucial due to the association between the growing demand for phosphate fertilisers, the costs of product acquisition and the finite reserves of phosphate rock.
Arbuscular mycorrhizae (AM) are a symbiosis between most plants and arbuscular mycorrhizal fungi (AMF), in which the plant benefits from the absorption of water and nutrients provided by the fungal hyphae, while fungus receives photosynthetic assimilates. This symbiosis provides numerous benefits to crops, such as nodulation and biological nitrogen fixation in legume species (JESUS et al., 2005) and increases tolerance to abiotic stress, toxicity and heavy metals (KLAUBERG FILHO et al., 2005) . However, the nutritional effects of AM on plants are more evident and consistent and determine their biofertiliser character, since the hyphae and the mycelium of the fungus extend the exploitation zone of the root system, enhancing the uptake of water and nutrients, especially those of low mobility in the soil, such as copper (Cu), zinc (Zn) and P (NOGUEIRA; CARDOSO, 2006) . Mycorrhizae can increase P absorption up to 80% (MARSCHNER; DELL, 1994) . This process is more significant in the soils of the Brazilian Cerrado with low P levels, which is a condition that stimulates the establishment of mycorrhizae (BALOTA et al., 2012) . Costa et al. (2012) studied the effect of arbuscular mycorrhizae on the growth and nutritional status of Brachiaria brizantha cv. Marandu and found that inoculation of mycorrhizal fungi significantly influenced dry matter yields and macronutrient absorption. However, the production of AMF inoculum on a large scale is still a limiting factor for their management in view of the biotrophic character of these fungi. Nevertheless, plant mycorrhization stimulation by native fungi has emerged as a promising alternative for their appropriate management and is aimed at increasing crop yields.
In this context, formononetin is active in AMF propagules, stimulates fungal growth and induces the morphological formation and differentiation, increasing the formation of appressoria and points of primary inputs (NAIR et al., 1991) . Thus, it is expected that the application of this substance in grain and forage crops, among others, maximizes the activity of soil indigenous fungi (SILVA-JÚNIOR; SIQUEIRA, 1997), resulting in higher plant yields. Studies carried out by Novais and Siqueira (2009) , who applied Mycoform®, the basis of the isoflavonoid formononetin, AMF colonization and sporulation in Brachiaria decumbens were increased.
Therefore, the aim of this study was to evaluate growth, by means of morphogenetic and structural characteristics, and yield of Brachiaria brizantha Stapf. cv. Marandu as a function of the application of the mycorrhization stimulant formononetin associated with liming and phosphate.
Material and Methods
The experiment was carried out in a nursery with 50% luminosity, average temperatures of 34ºC and The experimental design was completely randomised with four replications, and the treatments were arranged in a 2 x 2 x 5 factorial scheme, consisting of two liming treatments (with and without limestone), two formononetin treatments (with and without application) and five P 2 O 5 doses (0, 25, 50, 100 and 200 mg dm -3 ) in the form of simple superphosphate. Formononetin (7-hydroxy-4'-methoxy-isoflavone), in the commercial form Myconate® (Plant Health Care (PHC), INC-Pittsburg, USA), was applied at the dose of 2 mg dm -3 soil, according to the manufacturer's recommendation. The treatment subjected to liming was calculated to increase base saturation to 45%, as required by Brachiaria brizantha Stapf. cv. Marandu, according to Vilela et al. (2004) , corresponding to the application of 2.8 g per pot of filler type dolomitic limestone with PRNT = 94%. For limestone reaction, soil remained 30 days incubated under field capacity.
Sowing was carried out using 10 seeds per pot, with subsequent thinning at 10 days after the emergence, leaving only four plants per pot. Three shoot cuttings were carried out after a first standardisation cutting at regular intervals of 45 days. The first and the second cuttings were made at 0.05 m height from the ground and the third cutting close to the ground.
During planting, basic fertilisation was carried out with the application of phosphate, according to the treatments, and with a cocktail of micronutrients consisting of boron (B), copper (Cu), zinc (Zn) and molybdenum (Mo), at the doses of 0.5, 1.0, 1.0 and 0.1 mg dm -3 , respectively (VILELA et al., 2004) . The sources used were reagent P.A.: H 3 BO 3 , CuSO 4 .5H 2 O, ZnSO 4 7H 2 O and (NH 4 ) 6 Mo 7 O 24. Application of nitrogen and potassium was carried out by solution, split in three topdressing fertilisations for every cutting, with the first being applied after the standardisation cutting, using 20 mg dm -3 urea and 10 mg dm -3 potassium chloride (VILELA et al., 2004) . Soil humidity was maintained at 70% of the total pore volume (TPV), controlled by daily weighing of the pots, replacing the evapotranspirated moisture with distilled water.
For evaluations of morphogenetic and structural characteristics, three tillers per pot were identified and marked with coloured nylon threads. Leaf blade and tiller stem were measured with the aid of a ruler. Data collection was carried out after the standardisation cutting until the third cutting.
Based on leaf and stem growth, the following variables were estimated: a) leaf appearance rate (LAR, day -1 tiller -1 ) -ratio between the number of expanded leaves per tiller and the number of days involved; b) phyllochron (PHY, days leaf -1 ) -inverse of LAR, obtained by the period of time for the full expansion of two consecutive leaves; c) leaf elongation rate (LER, mm day -1 ) -difference between the initial and final length of each blade, divided by the number of days involved; d) leaf senescence rate (LSR, mm day -1 ) -difference between the initial final length of the green tissue divided by the number of days involved (leaves were considered senescent when they presented more than 50% yellowed blade); e) stem elongation rate (SER, mm day -1 ) -difference between the initial and final length of the stems, divided by the number of days involved; f) duration of leaf elongation (DLE, days) -interval between leaf appearance leaf to the beginning of senescence; g) leaf life duration (LLD, days) -interval between leaf appearance to its full senescence (leaves were considered fully senescent when they presented less than 25% of green blade); h) total number of leaves per tiller (NLT, leaves tiller -1 ) -counting of the total number of green and senescent leaves; i) total number of live leaves per tiller (TNLL, leaves tiller -1 ) -counting of total number of leaves that presented no sign of senescence at the end of the evaluation period; j) total number of tillers per plant (NTP) -counting of the number of tillers per plant; k) stem height (SH, cm) -length of the ligule of the last expanded leaf in relation to the insertion in the tiller of origin.
To quantify forage mass yield at every cutting, we morphologically separated the fractions into green leaf blade (ligule height), stem (stem + sheath) and dead material. The material was dried in a forced air circulation oven at 60°C until constant weight and subsequently weighted. Based on the morphological components, we estimated the parameters of yield of the different fractions of the plant by determining green blade dry matter (GBDM), green stem dry matter (GSDM), dead forage dry matter (DFDM), green forage dry matter (GFDM) and total forage dry matter (TFDM).
Data were subjected to analysis of variance using the statistical analysis system SISVAR, version 5.3 (FERREIRA, 2011) . Means of liming and formononetin factors were compared by the Tukey test at 5% probability and P 2 O 5 doses were subjected to polynomial regression analysis.
Results and Discussion

Morphogenetic and structural characteristics
Leaf appearance rate (LAR), phyllochron (PHY) and leaf elongation rate (LER) were not affected (p > 0.05) by any of the treatments. The non-significance of these parameters may be associated with the greater responsiveness to nitrogen fertilisation (ALEXANDRINO et al., 2004; MARTUSCELLO et al., 2005; RODRIGUES et al., 2012) compared to phosphorus fertilisation. We therefore assume that the nitrogen fertiliser applied to each cutting added to the amount of mineralized N of the soil, but was not sufficient to promote initial leaf growth with the increase of phosphorus fertilization in the establishment ofin Marandu grass.
Liming reduced leaf senescence rate (LSR) in 44% (Table 1 ). In contrast, the application of P 2 O 5 doses promoted a linear increase, with a maximum value of 5.35 mm day -1 at the dose of 200 mg dm -3 P 2 O 5 ( Figure 1a) . Leaf senescence is a natural process that characterises the last stage of leaf development, which starts after full expansion, and can be accelerated by environmental factors such as competition for light, water and nutrients (LEMAIRE et al., 2011) . Thus, only liming decreases the toxicity of Al 3+ and Mn 2+ and increases the levels of Ca 2+ and Mg 2+, delaying leaf senescence and, consequently, increasing the period with live or green leaves, which are the most nutritious fractions of the plant for animal diet. In contrast, phosphorus fertilisation by injection of energetic compounds accelerates metabolism and physiological processes in the tissue flow with the emergence and/or growth of new leaves (COSTA et al., 2016) and is therefore essential for pasture recovery. Table 1 . Leaf senescence rate (LSR), total number of live leaves per tiller (TNLL), total number of leaves per tiller (NLT), stem height (SH), green blade dry matter (GBDM), green forage dry matter (GFDM), total forage dry matter (TFDM) and dead forage dry matter (DFDM) of Marandu grass as a function of lime. In terms of stem elongation rate (SER) and the interaction between the doses of P 2 O 5 and formononetin, we observed a quadratic behaviour when the stimulant was applied, with a maximum rate of 0.84 mm day -1 at the dose of 109 mg dm -3 P 2 O 5 , while in the absence of the stimulant, SER presented a linear increase (Figure 2a) . In regards to the interaction between P 2 O 5 doses and liming, there was a linear increase with liming and quadratic adjustment in the absence of liming, with a maximum value of 0.74 mm day -1 at the dose of 118 mg dm -3 P 2 O 5 (Figure 2b ). Since liming increases soil fertility, it provides direct benefits to the growth of grasses due to the more efficient use of fertilisers, such as phosphate; on the other hand, the application of formononetin for mycorrhizae stimulation favours plant growth by the increase of water and nutrients absorption due to the higher soil volume explored by mycorrhizal roots (NOVAIS; SIQUEIRA, 2009).
The mean value of LER (5.07 mm day -1 ) was about six times higher than the mean value of SER with the application of liming (0.89 mm day -1 ) and formononetin (0.84 mm day The increase of P 2 O 5 doses promoted linear decreases in the duration of leaf elongation (DLE) and leaf life duration (LLD) (Figures 1b and c) . Similar to LSR, phosphate fertilisers promote pasture recovery by reducing the durability of the leaf blade (NABINGER; CARVALHO, 2009).
For the total number of live leaves (TNLL) and the total number of leaves (NLT), liming increased leave emission of Marandu grass by 24 and 13%, respectively (Table 1 ). In relation to P 2 O 5 doses, we observed a different behaviour for both variables (Figure 1d and e) . The TNLL presented a linear decrease with the increase in P 2 O 5 doses (Figure 1d ). On the other hand, NLT adjusted to the exponential model curve, decreased to 50 mg dm -3 P 2 O 5 and became constant at the other doses (Figure 1e ). Although leaf number is a genetically determined characteristic, it can be influenced by several environmental factors, such as temperature, water conditions and nutrient availability (FULKERSON; SLACK, 1995) , and the plant may reach its maximum number of leaves earlier. The mean NLT value for Marandu grass of 3.15 leaves tiller -1 is lower than that observed by Alexandrino et al. (2004) for the same culture, i.e., 6.7 leaves tiller -1 at an age of 45 days. Possibly, these values were higher since the authors worked with N doses that favour the appearance of leaves. The TNLL reflects the behaviour of LSR as a function of P 2 O 5 , since due to the intensification of the leave senescence process, TNLL becomes progressively lower than the total number of expanded leaves which, according to Gomide and Gomide (2000) , tends to be closer to a constant value, depending on the species or cultivar.
The total number of tillers per plant (NTP) interacted with all factors, with a maximum density of 4.5 tillers in the treatment with liming and formononetin at the dose of 131 mg dm -3 P 2 O 5 ( Figure  3 ). This result highlights the demand of this species for high soil fertility and the importance of liming and phosphorus fertilisation which, associated with mycorrhiza, can promote tillering of forage grasses, which is one of the most important characteristic for pasture perennity and establishment (FERREIRA et al., 2008) . Positive responses of tillering to phosphorus fertilisation have been widely reported in the literature (MESQUITA et al., 2005 (MESQUITA et al., , 2010 GUEDES et al., 2009; RODRIGUES et al., 2012) . For stem height (SH) of Marandu grass, liming provided the highest mean values (Table 1) . Similar results have been observed by Prado and Barion (2009) , who found increments in the height of Tifton 85 grass (Cynodon sp.) with the application of increasing doses of liming (0, 1.55, 2.32 and 3.10 g dm -3 ). On the other hand, the P 2 O 5 doses influenced SH with exponential adjustment, which increased to the dose of 50 mg dm -3 P 2 O 5 (Figure 1f ). Adequate P availability promotes plant growth, since this element constitutes energy compounds (ATP/ NADPH), phospholipids and other esters that have important functions in the plant (MALAVOLTA, 2006) .
Yield characteristics
In the first cutting, green blade dry matter (GBDM) increased by 34% with liming (Table 1) . In contrast, P 2 O 5 presented quadratic behaviour for this variable, with a maximum increment of 2.84 g pot -1 at the dose of 132 mg dm -3 P 2 O 5 (Figure 4a ).
In the second and third cuttings (Figures 4b and  c) , GBDM presented quadratic adjustment for the interaction between P 2 O 5 doses and liming, and the highest yield was obtained with liming at doses of 162 and 151 mg dm -3 P 2 O 5, respectively. The increment in green leaf dry matter yield provided by liming in Marandu grass is due to soil acidity correction, which increases cation exchange capacity, nutrient availability and fertilisers efficiency. In the present study, liming increased the benefit of phosphorus fertilisation by 45 and 30% in the second and third cuttings, respectively, thereby contributing to pasture quality since leaf blades are the morphological parts of forage grasses with the highest crude protein content and are thus preferred by grazing animals (CECATO et al., 2014) . These results corroborate those found by Teles et al. (2011) and Oliveira et al. (2012) , who observed positive responses in GBDM yield of Brachiaria brizantha cv. MG-4 and Panicum maximum cv. Mombaça, respectively, with increasing P 2 O 5 doses. (GBDM) (a, b and c) and green stem dry matter (GSDM) (c, d and f) of Marandu grass as a function of lime, phosphorus doses and formononetin. WOF: without formononetin; WF: with formononetin; WOL: without lime; WL: with lime. ns: not significant. ** and * significant at 1 and 5% probability. Dead forage dry matter yield (DFDM) was reduced by 29% with formononetin application in the second cutting (Table 2) . On the other hand, liming increased this variable by 24 and 49%, respectively, in the second and third cuttings (Table 1) . For P 2 O 5 doses in the three cuttings, DFDM presented a quadratic behaviour, with maximum yields at the doses of 150, 187 and 150 mg dm -3 P 2 O 5 for the first,
For green forage dry matter (GFDM), there was an increase of 31% with liming in the first cutting (Table 1 ) and a quadratic effect for P 2 O 5 doses, with a maximum increase at the dose of 131 mg dm -3 P 2 O 5 (Figure 6a ). In the second and third cuttings, there was a quadratic adjustment for the interaction between the P 2 O 5 doses and liming, demonstrating that liming led to maximum increments at doses of 148 and 131 mg dm second and third cuttings, respectively ( Figure 5 ). The increase in DFDM can be attributed to liming, while the increase in the emission of new leaves and tillers can be attributed to P 2 O 5 doses, which in turn increased the competition for yield factors, such as light, nutrients and water, intensifying the senescence process and death of older leaves and tillers. and c). It should be noted that GFDM is an important yield parameter, since it qualitatively considers only green or living fractions of the plant, i.e., the most nutritious parts, confirming once again the importance of liming associated with phosphorus fertilisation for higher yields when pastures are cultivated in low fertility soils, such as the Yellow Latosol of the Cerrado region of the state of Piaui. Figure 6 . Green forage dry matter (GFDMM) (a, b and c) and total forage dry matter (TFDM) (c, d and f) of Marandu grass as a function of lime and phosphorus doses. WOL: without lime; WL: with lime. ns: not significant; ** and * significant at 1 and 5% probability. For total forage dry matter (TFDM), liming provided an increase of 28% in the first cutting (Table 1) . On the other hand, P 2 O 5 doses had a quadratic adjustment, with a maximum increment at the dose of 134 mg dm -3 P 2 O 5 (Figure 6d ). The second and third cuttings presented quadratic behaviours for the interaction between P 2 O 5 doses and liming (Figures 6e and f) , demonstrating that plants cultivated in the presence of lime achieve maximum values of 4.10 and 9.11 g pot -1 at doses of 194 and 149 mg dm -3 P 2 O 5 , respectively. Thus, in the last two cuttings, liming promoted better use of phosphorus fertilisation in 39 and 31%, respectively.
The rResults underline the importance of increasing soil fertility for the establishment and productive maintenance of Marandu grass, which can be achieved by liming and phosphorus fertilisation, reflecting the nutritional improvement of the plant with increments in growth and forage dry matter. The influence of liming and phosphorus fertilisation on the increase in dry matter yield has been verified by Mesquita et al. (2005) in three forage species (Panicum maximum cv. Mombaça, Brachiaria brizantha cv. Marandu and Andropogon gayanus cv. Planaltina).
The positive interaction of liming with P 2 O 5 doses for GBDM, GSDM, GFDM and TFDM and the increase of these variables from the second cutting may be related to the increase in the reaction of limestone with the soil components over time, confirming their benefits in terms of soil acidity correction and P availability.
Conclusion
Liming and phosphate applications at the dose of 141 mg dm -3 P 2 O 5 increased growth and yield of Marandu grass. These practices are therefore essential for the cultivation of this pasture grass in Yellow Latosol of the Cerrado region of the state of Piauí.
Formononetin application increased stem elongation rate, total number of tillers and green stem dry matter, but decreased the fraction of dead forage dry matter of Marandu grass. These effects contribute to the improvement of pasture quality.
